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REMARKS 

New claims 49-73 are submitted herein. Support for these 
claims can be found throughout the specification, in particular 
at page 19, line 7 to page 20, line 15. No new matter is added 
by way of this amendment. 

REJECTION UNDER 35 U.S.C. § 102 

Claims 1, 3, 24, 31, 32, 34, 38, and 45 are rejected 
under 35 U.S.C. § 102(a) as allegedly being anticipated by 
Ezekiel et al. , Proceedings of ASCO 17: Abstract No. 1522 
(April 15, 1998) ["Ezekiel' 1 ] . Applicants respectfully traverse 
this rejection. 

The present application is entitled to the priority benefit 
of U.S. Appl. No 60/085,613, filed May 15, 1998. Ezekiel 
published less than one year before this priority date, and as 
such, only potentially qualifies as prior art against the 
present invention under 35 U.S.C. § 102(a). 

Harlan Waksal, Mansoor Saleh, and Francisco Robert, named 
inventors on this application, are co-authors of Ezekiel. 
Therefore, Ezekiel does not qualify as prior art under 35 U.S.C. 
§ 102(a) against the present invention. Accordingly, withdrawal 
of this rejection is respectfully requested. 

REJECTIONS UNDER 35 U.S.C. § 103 

The Examiner issued several rejections under 3 5 U.S.C. 
§ 103(a): claims 1, 3, 24, 31-39, 41, 43, 45 and 47 over Bos 
et al. t ASCO Annual Meeting, Abstract No. 1381 (1996) ["Bos"] in 
view of Saleh et al., Proceed. Am. Assoc. Cancer Res. 37: 612, 
Abstract #4197 (1996) ["Saleh"]; claims 1, 3, 24, 31-41, 43-47 
over Bos in view of Saleh and further in view of Goldstein 
et al., Clinical Cancer Res. 1: 1311-1318 (1995) ["Goldstein"] ; 
and claims 1, 3, 24, 31-39, 41-43, 45, 47 and 48 over Bos in 
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view of Saleh and further in view of Arnold, U.S. Patent 
No. 5,736,534 ["Arnold"] . 

Even assuming, arguendo , that the combined references 
establish a prima facie case of obviousness, the present claims 
are still non-obvious over these references. Applicants submit, 
herewith, the following post-priority date references which 
establish evidence of secondary indicia of non-obviousness: 
Bianco et al. t Clinical Cancer Res. 6 (11) : 4343-4350 (2000) 
["Bianco"] and Huang & Harari , Clinical Cancer Res. 
6 (6) : 2166-2174 (2000) ["Huang"] . Both Bianco and Huang 
demonstrate profound synergy of a claimed EGFR inhibitor (c225) 
in combination with radiation for inhibiting human tumors. None 
of the art cited by Examiner teaches or suggest such a synergy 
would be achieved against human tumor cells. 

Bianco demonstrates synergy of radiation/anti-EGFR 

treatment in two different types of human cancer cell lines: 

ovarian cancer (OVCAR-3) and colon cancer (GEO). Claims 46 

and 4 2 are directed to a method of treating ovarian and colon 

cancer, respectively. In Bianco, two human cancer cell lines 

were treated in a sequential schedule with ionizing 
radiation followed by MAb C225. A supra -additive 
growth inhibitory effect was observed at all doses of 
MAb C225 and ionizing radiation tested. 

Bianco, pg. 4345, col. 2 (emphasis added). Thus, Bianco 
demonstrated an unexpected synergy of radiation combined with 
anti-EGFR treatment. 

Huang also demonstrates synergy of radiation/anti-EGFR 
treatment in human tumors. Huang tested this combination using 
human squamous cell carcinomas derived from the head and neck 
(as claimed in claim 45), both in vitro and an in vivo animal 
model. Huang conclude that 



8 



Application No.: 10/661,881 



Docket No.: IMCLON 3.0-006 DV 



The in vivo tumor response after the combined 
administration of C225 and radiation is dramatic and 
long- lasting, as demonstrated within the xenograft 
model system. Such profound antitumor activity in 
vivo appears to derive from not only proliferative 
growth inhibition (with associated cell cycle 
redistribution) , but also from inhibition of 
postradiation damage repair and inhibition of tumor 
angiogenesis . 

Huang, page 2173, col. 1 (emphasis added). Thus, Huang also 
demonstrated the unexpected synergy of the claimed combination 
in a claimed cancer treatment. 

Nothing in the art relied upon by the Examiner teaches or 
suggests a synergistic effect could be achieved by administering 
a combination of radiation/ ant i-EGFR treatment to human 
patients. Given the unexpected synergy of radiation/anti-EGFR 
treatment, the present invention is non-obvious over the cited 
art. Accordingly, withdrawal of this rejection is respectfully 
requested. 

DOUBLE PATENTING 

Claims 1, 3, 24 and 31-48 were provisionally rejected on 
the ground of nonstatutory obviousness- type double patenting as 
allegedly being unpatentable over claims 1-10 of copending 
Application No. 11/206,825. Application No. 11/206,825 has been 
abandoned. Accordingly, withdrawal of this rejection is 

respectfully requested . 

As it is believed that all of the rejections set forth in 
the Official Action have been fully met, favorable 
reconsideration and allowance are earnestly solicited. 
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If, however, for any reason the Examiner does not believe 
that such action can be taken at this time, it is respectfully 
requested that she telephone Applicants' attorney at 
(908) 654-5000 in order to overcome any additional objections 
which he might have. 

If there are any additional charges in connection with this 
requested amendment, the Examiner is authorized to charge 
Deposit Account No. 12-1095 therefor. 

Dated: April 9, 2008 Respectfully submitted, 
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Westfield, New Jersey 07090 
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Attorney for Applicants 
Under 3 7 C.F.R. 1.34 
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ABSTRACT 

Recent studies have suggested that selective inhibition 
of mitogenic pathways may improve the antitumor activity 
of ionizing radiation. The epidermal growth factor receptor 
(EGFR) is overexpressed and is involved in autocrine 
growth control in the majority of human carcinomas. Pro- 
tein kinase A type I (PKAT) plays a key role in neoplastic 
transformation and is overexpressed in cancer ceils in which 
an EGFR autocrine pathway is activated. We used two 
specific inhibitors of EGFR and PKAI that are under clin- 
ical evaluation in cancer patients: C225, an anti-EGFR chi- 
meric human-mouse monoclonal antibody (MAb); and a 
mixed-backbone antisense oligonucleotide targeting the 
PKAI RIa subunit (PKAI AS). We tested in human colon 
cancer (GEO) and ovarian cancer (OVCAR-3) cell lines the 
antiproliferative activity of MAb C225 and/or PKAI AS in 
combination with ionizing radiation. In vivo antitumor ac- 
tivity was evaluated in nude mice bearing established GEO 
xenografts. Dose-dependent inhibition of soft agar growth 
was observed in both cancer ceil lines with ionizing radia- 
tion, C225, or PKAI AS oligonucleotide. A cooperative an- 
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ti proliferative effect was obtained when cancer cells were 
treated with ionizing radiation followed by MAb C225 or 
PKAI AS oligonucleotide. This effect was observed at all 
doses tested in both GEO and OVCAR-3 cancer cell lines. A 
combination of the three treatments at the lowest doses 
produced an even greater effect than that observed when 
two modalities were combined. Treatment of mice bearing 
established human GEO colon cancer xenografts with ra- 
diotherapy (RT), MAb C225, or PKAI AS oligonucleotide 
produced dose-dependent tumor growth inhibition that was 
reversible upon treatment cessation. A potentiation of the 
antitumor activity was observed in all mice treated with RT 
in combination with MAb C225 or PKAI AS oligonucleotide. 
Long-term GEO tumor growth regression was obtained fol- 
lowing treatment with ionizing radiation in combination 
with MAb C225 plus PKAI AS oligonucleotide, which pro- 
duced a significant improvement in survival compared with 
controls (P < 0.001), the RT-treated group (P < 0.001), or 
the group treated with MAb C225 plus PKAI AS oligonu- 
cleotide (P < 0.001). All mice of the RT + MAb C225 + 
PKAI AS group were alive 26 weeks after tumor cell injec- 
tion. Furthermore, 50% of mice in this group were alive and 
tumor-free after 35 weeks. This study provides a rationale 
for evaluating in cancer patients the combination of ionizing 
radiation and selective drugs that block EGFR and PKAI 
pathways. 

INTRODUCTION 

Treatment with ionizing radiation induces different bio- 
chemical effects in cancer cells, with activation of multiple 
signaling pathways that lead to either programmed cell death or 
cell proliferation. The latter efFcct is probably the result of 
activation of various mitogenic pathways (1,2). It has recently 
been demonstrated that ionizing radiation induces the EGFR 3 / 
raslraJJM APK pathways through the direct activation of the 
EGFR tyrosine kinase and the release of TGFa, a specific ligand 
for EGFR (1 , 2). This may be clinically relevant because it could 
represent a mechanism by which cancer cells become able to 
escape radiation-induced cell death. In this respect, EGF-related 
growth factors, such as TGFa, have been implicated in human 
cancer development and progression through autocrine and 
paracrine pathways (3). TGFa binds to the extracellular domain 



3 The abbreviations used arc: EGFR, epidermal growth factor receptor; 
MAPK, mitogen-activated protein kinase; TGFa, transforming growth 
factor a: MAb. monoclonal antibody; PKAI, protein kinase A type I; 
PS. phosphorothioate; MBO, mixed-backbone oligonucleotide; RT, ra- 
diotherapy. 
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of EGFR and activates its intracellular tyrosine kinase domain 
(3) Ligand binding induces dimerization of EGFR and its 
autophosphorylation on several tyrosine residues in the intracel- 
lular domain, creating a scries of high-affinity binding sites for 
various transducing molecules that are involved in transmitting 
the mitogenic signal through the ras/rq/IMAPK pathway (3). 

Enhanced expression of TGFa and/or EGFR has been 
detected in the majority of human carcinomas and has been 
associated with poor prognosis (3). EGFR ovcrexpression has 
been also found in human cancer cell lines that are resistant to 
different cytotoxic drugs (4, 5). For these reasons, blocking of 
the TGFa-EGFR autocrine pathway has been proposed as a 
therapeutic target (6). Several pharmacological and biological 
approaches have been developed for blocking EGFR activation 
and/or function in cancer cells. Anti-EGFR blocking MAbs, 
recombinant proteins containing TGFa or EGF fused to toxins, 
and EGFR-selective tyrosine kinase inhibitors have been char- 
acterized for their biological and potentially therapeutic proper- 
ties (7-15). One of these agents, MAb C225, a chimeric human- 
mouse IgGl MAb, has recently entered phase 11 and III clinical 
evaluation in cancer patients (16 -19). 

The cAMP-dependent PKA is an intracellular enzyme in- 
volved in controlling cell growth and differentiation (20). The 
PKAI isoform is overexpressed in human cancer and is directly 
involved in EGFR mitogenic signaling (21). We have shown 
that PKAI, through interaction of its Rla subunit with Grb2 
adapter protein, has structural interaction with the ligand-acti- 
vated EGFR. cooperating in the propagation to MAPK of the 
mitogenic signal (22). Different PKAI inhibitors are under clin- 
ical development. Down-regulation of PKAI by unmodified or 
PS-modified antisense oligonucleotides targeting its Rla sub- 
unit causes cell growth inhibition in a variety of human cancer 
cell lines and has antitumor activity in nude mice (23 -25). 
Modified oligonucleotides of a novel class, defined as MBOs, 
have been synthesized recently and have significantly improved 
pharmacokinetic and toxicological properties in vivo compared 
with PS oligonucleotides (26, 27). In this respect, an antisense 
Rla MBO with hybrid DNA/RNA structure containing 2'0- 
methyl-ribonucleosides at the 5' and 3' ends (PKAI AS), has 
been synthesized (27). This MBO, named GEM231, has com- 
pleted phase I clinical trials and has shown an improved safety 
profile and metabolic stability compared with first-generation 
PS oligonucleotides (28). 

In recent years, there has been a growing interest in com- 
bining conventional chemotherapeutic agents with biological 
agents that selectively inhibit key intracellular targets involved 
in the process of neoplastic transformation. Previous studies 
have shown that treatment with MAb C225 or PKAI AS oligo- 
nucleotide potentiates the antitumor activity of several cytotoxic 
drugs in human cancer cells (25, 29 -31). In this study, we 
evaluated whether a similar cooperative effect could be obtained 
when two human cancer cell lines (GEO and OVCAR-3) were 
treated with MAb C225 and PKAI AS oligonucleotide in com- 
bination with RT. 

MATERIALS AND METHODS 

Materials. MAb C225 is a human-mouse chimeric anti- 
EGFR IgGl MAb, whose biochemical and biological character- 



istic have been described previously (16). MAb C225 was 
kindly provided by Dr. H. Waksal (ImClone Systems, New 
York, NY). PKAI AS is a hybrid oligonucleotide, targeted 
against the N-terrninal 8-13 codons of the Rla regulatory 
subunit of PKA, with the following sequence, GC</£/GCCTC- 
CTCACUGGC. This AS oligonucleotide has been termed 
GEM231 (28). The control is a scramble MBO obtained by 
mixing all four nucleosides in a mixture containing all possible 
sequences. The two oligonucleotides contain PS intemucleotide 
linkages (nucleosides flanking each position are in Roman, and 
2'-0-methyl-ribonucleoside modifications are in italics). The 
oligonucleotides were synthesized and kindly provided by Dr. S. 
Agrawal (Hybridon Inc., Milford, MA). 

Cell Lines. Human GEO colon cancer and OVCAR-3 
ovarian cancer cell lines were obtained from the American Type 
Culture Collection (Rockville, MD). The p53 status of the 
cancer cell lines is the following: wild-type gene. GEO; point- 
mutated gene, OVCAR-3 (G-to-A in codon 248). The cell lines 
were maintained in DM EM supplemented with 10% heat-inac - 
tivated fetal bovine serum, 20 itim HEPES (pH 7.4), 100 lU/ml 
penicillin, 100 fxg/ml streptomycin, and 4 itim glutamine (ICN, 
Irvine, United Kingdom) in a humidified atmosphere of 95% air 
and 5% C0 2 at 37°C. 

Ionizing Radiation Treatment and Growth in Soft 
Agar. Exponentially growing GEO and OVCAR-3 cells were 
irradiated in lOO-mrn tissue culture dishes (Becton Dickinson, 
Lincoln Park, NJ) by a 6 MV photon linear accelerator (General 
Electric). Following irradiation, cells were trypsinized, and 10 4 
cells/well were suspended in 0.5 ml of 0.3% Difco Noble agar 
(Difco, Detroit, MI) supplemented with complete culture me- 
dium. This suspension was layered over a base layer containing 
0.5 ml of 0.8% agar-medium in 24-well cluster dishes (Becton 
Dickinson) and was treated every day for a total of 3 days with 
different concentrations of MAb C225 and/or PKAI AS oligo- 
nucleotide. After 10 -14 days, the cells were stained with ni- 
troblue tetrazolium (Sigma, St. Louis, MO), and colonics larger 
than 0.05 mm were counted as described previously (31). 

GEO Xenografts in Nude Mice. Female BALB/c athy- 
mic (nu+/nu+) mice (5 6 weeks of age) were purchased from 
Charles River Laboratories (Milan, Italy). The research protocol 
was approved, and mice were maintained in accordance to 
institutional guidelines of the University of Naples Animal Care 
and Use Committee. Mice were acclimated to the University of 
Naples Medical School Animal Facility for 1 week prior to 
receiving injections of cancer cells. Mice received s.c. injections 
of 10 7 GEO cells that had been resuspended in 200 u,l of 
Matrigel (Collaborative Biomedical Products, Bedford, MA). 
After 7 days, when established tumors —0.2-0.3 cm 3 in volume 
were detected, 10 mice/group were treated i.p. with PKAI AS 
oligonucleotide (5 or 10 mg/kg/dose, injected on days 1-5 of 
each week for 3 weeks), scramble control oligonucleotide (10 
mg/kg/dose, injected on days 1-5 of each week for 3 weeks), or 
MAb C225 (0.25, 0.5, or 1 mg/dose, injected twice weekly on 
days I and 4 for 3 weeks), or received RT treatment (5, 7.5. or 
10 Gy/dose daily, administered on days 1-4). In a subsequent 
series of experiments, groups of 10 mice bearing established 
GEO tumors —0.2-0.3 cm 3 in volume received RT (10 Gy/dose 
on days 1-4) and/or were treated i.p. with PKAI AS oligonu- 
cleotide alone (10 mg/kg/dose, injected on days 1-5 of each 
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Fig. I Dose-dependent growth- inhibitory effects of the combined 
treatment of ionizing radiation and/or MAb C225 on the soft agar 
growth of GEO (A) and OVCAR-3 (B) cells. Cells were treated with 
different doses of ionizing radiation and/or the indicated concentrations 
of MAb C225 (»xg/ml) as described in "Materials and Methods." Data 
represent the average of three different experiments, each performed in 
triplicate; bars. SD. 



week for 3 weeks), with MAb C225 alone (l mg/dose, injected 
twice weekly on days I and 4 for 3 weeks), or with both agents. 
Tumor size was measured using the formula tt/6 X larger 
diameter x (smaller diameter) 2 , as reported previously (31). 

Statistical Analysis. The Student's / test and the Mantel- 
Cox log-rank test were used to evaluate the statistical signifi- 
cance of the results. All P values represent two-sided tests of 
statistical significance. All analyses were performed with the 
BMDP New System statistical package, version 1.0 for Mi- 
crosoft Windows (BMDP Statistical Software, Los Angeles, 
CA) as reported previously (31). 

RESULTS 

As shown in Fig. I, we first evaluated the effects of 
ionizing radiation and/or MAb C225 treatment on the cloning 
efficiency of two human epithelial cancer cell lines in sort agar. 
We selected GEO colon cancer and OVCAR-3 ovarian cancer 
cell lines because they have functional EGFRs that have 



-40,000 (GEO) lo 150,000 (OVCAR-3) EGF binding sites/cell 
and overexpress PKAI (31). GEO cells possess a wild-type p5S 
gene, whereas OVCAR-3 cells have a mutated p53 gene (3 1 ). 
Ionizing radiation treatment caused a dose-dependent inhibition 
in soft agar growth in both cell lines with an lC sn of — 1 00 cGy. 
Treatment with the anti-EGFR blocking MAb C225 revealed 
dose-dependent colony inhibition with an 1C 30 of —0.3-0.5 
u,g/ml in both GEO and OVCAR-3 cancer cell lines. 

To determine whether combined treatment with ionizing 
radiation and MAb C225 could enhance the antiproliferative 
effect of single treatment, the two cancer cell lines were treated 
in a sequential schedule with ionizing radiation followed by 
MAb C225. A supra-additive growth inhibitory effect was ob- 
served at ail doses of MAb C225 and ionizing radiation tested. 
When lower doses were used in combination, the antiprolifera- 
tive effect was clearly cooperative in both GEO and OVCAR-3 
cells. As an example, in GEO cells, treatment with 25 cGy of 
ionizing radiation or with 0.25 ng/ml MAb C225 produced — 10 
or 22% growth inhibition, respectively, whereas sequential 
treatment caused 80% inhibition of colony formation in soft 
agar (Fig. \A). The cooperativity quotient of this treatment, 
defined as the ratio between the actual growth inhibition ob- 
tained with ionizing radiation followed by MAb C225 and the 
sum of the growth inhibition achieved by each treatment, was 
—2.5. We next evaluated whether a similar cooperative antipro- 
liferative effect could be achieved by combining RT with the 
blockage of PKAI function by a specific PKAI AS oligonucleo- 
tide. As illustrated in Fig. 2, in both GEO and OVCAR-3 cells, 
supra-additive inhibition of cloning efficiency in soft agar was 
obtained following sequential treatment with ionizing radiation 
and PKAI AS oligonucleotide. This effect was specific for the 
combined treatment with the PKAI AS oligonucleotide because 
treatment with a scramble control oligonucleotide at doses up to 
1 jjlvj did not enhance the antiproliferative effect of ionizing 
radiation in either GEO or OVCAR-3 cancer cells (data not 
shown). 

On the basis of functional and biological interactions be- 
tween EGFR and PKAI, we previously showed that a concom- 
itant blockade of these two mitogenic pathways may represent a 
therapeutic strategy (21, 32-34). Therefore, we studied whether 
any cooperative antiproliferative effect could be obtained when 
the anti-EGFR blocking antibody MAb C225 and the PKAI AS 
oligonucleotide were used in combination with RT. Following 
ionizing radiation, a combination of these two agents caused an 
even greater inhibitory effect than that observed when a single 
agent was combined with RT in both GEO and OVCAR-3 cells 
(Fig. 3). In fact, at single-treatment doses that produced only 
5-10% inhibition of colony formation in soft agar, the combi- 
nation of the three treatments caused 75-85% inhibition of soft 
agar growth of GEO and OVCAR-3 cells. 

We next evaluated whether the cooperative growth inhib- 
itory effect of MAb C225 and PKAI AS following ionizing 
radiation treatment could also be obtained in vivo. GEO cells 
were injected s.c. into the dorsal flanks of nude mice. When 
established GEO tumors of —0.2-0.3 cm 3 were detectable, mice 
were given RT or were treated i.p. with PKAI AS oligonucleo- 
tide or with the anti-EGFR MAb C225. Fig. 4 shows that each 
treatment significantly inhibited GEO tumor growth in vivo in a 
dose-dependent fashion. However, this effect was reversible 
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Fig 2 Dose-dependent growth-inhibitory effects of the combined 
treatment of ionizing radiation and/or PKA1 AS oligonucleotide on the 
soft agar growth of GEO (A) and OVCAR-3 {S) cells. Cells were treated 
with different doses of ionizing radiation and/or the indicated concen- 
trations of PKAI AS oligonucleotide (p.M) as described in "Materials 
and Methods." Data represent the average of three different experi- 
ments, each performed in triplicate; bars, SD. 




Fig. 3 Dose-dependent growth-inhibitory effects of the combined 
treatment of ionizing radiation plus MAb C225 and PKAI AS on the soft 
agar growth of GEO (A) and OVCAR-3 (B) cells. Cells were treated 
with different doses of ionizing radiation and/or MAb C225 (0.25 
jjig/ml) and PKAI AS oligonucleotide (0. 1 jjlm) as described in "Mate- 
rials and Methods." Data represent the average of three different exper- 
iments, each performed in triplicate; bars, SD. 



because shortly after the end of the treatment with RT, MAb 
C225, or PKAI AS oligonucleotide, GEO tumors resumed, a 
growth rate similar to that of untreated controls (data not 
shown). We next evaluated the effects of RT in combination 
with MAb C225 or with PKAI AS oligonucleotide on mice 
bearing GEO xenografts. As illustrated in Fig. 5, treatment with 
MAb C225 (1 mg/dose twice weekly for 3 weeks) after ionizing 
radiation (10 Gy/dose daily, days 1-4) suppressed tumor growth 
in all mice. In mice that received MAb C225 plus RT, GEO 
tumors grew very slowly for -50-60 days following the end of 
treatment; tumors then resumed a growth rate similar to controls 
(Fig. SAY The delayed GEO tumor growth in the MAb C225 + 
RT-treated group of mice was accompanied by a prolonged life 
span that was significantly different from controls {P < 0.001), 
the MAb C225-treated group (P < 0.001), or the RT-treated 
group (P < 0.001). Furthermore, 20% of mice in this group 
were still alive without any evidence of tumor 35 weeks after the 
GEO cancer cells were injected (Fig. 55). A similar but less 



pronounced potentiation of the antitumor activity of RT was 
observed when mice were treated with PKAI AS oligonucleo- 
tide (10 mg/kg/dose, injected on days 1-5 of each week for 3 
weeks; Fig. 6). 

We also evaluated the antitumor activity of the triple 
combination of ionizing radiation treatment and EGFR plus 
PKAI blockade. Treatment with MAb C225 + PKAI AS 
oligonucleotide after ionizing radiation produced complete 
tumor regression in all mice; this regression was maintained 
for >100 days after the end of treatment (Fig. 7 A). This 
effect was reflected in both a significant increase in survival 
and in a high proportion of cures in the mice receiving the 
triple-combination treatment. As shown in Fig. IB, GEO 
tumors reached a size not compatible with normal life in all 
untreated mice within 6 weeks. A small increase in mouse 
survival was observed in the group treated with RT alone 
(P < 0.05). Mice treated with MAb C225 +■ PKAI AS 
oligonucleotide survived longer than those in the control 
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4 Antitumor activity of ionizing radiation, MAb C225, or 
PJCAI AS oligonucleotide treatment on established GEO human 
colon carcinoma xenografts. GEO cells (10 7 suspended in 200 uJ of 
Matrigel) were injected s.c. into the dorsal flanks of mice. After 7 
days (average tumor size, 0.2-0.3 cm 3 ), mice were treated as fol- 
lows: A, ionizing radiation (5. 7.5, or 10 Gy/dose daily, days 1-4 for 
a total of 20, 30, or 40 Gy); B, MAb C225 (0.25, 0.5, or 1 mg/dose 
i p twice weekly on days I and 4 for 3 weeks); C, PKA1 AS (5 or 
10 'mg/kg/dose i.p., days 1-5 each week for 3 weeks), scramble 
control oligonucleotide (10 mg/kg/dose i.p., days 1-5 each week for 
3 weeks). In each experiment, each group consisted of 10 mice. Data 
represent the average; bars, SD. 
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Fig. 5 A, antitumor activity of ionizing radiation and MAb C225 on 
established GEO human colon carcinoma xenografts. GEO cells (1 0 7 
suspended in 200 jxl of Matrigel) were injected s.c. into the dorsal 
flanks of mice. After 7 days (average tumor size, 0.2-0.3 cm 3 ), mice 
were treated with ionizing radiation (RT; 10 Gy/dose daily, days 1-4 
for a total of 40 Gy) alone, MAb C225 (1 mg/dose i.p., twice weekly 
on days 1 and 4 for 3 weeks) alone, or with a combination of both. 
Each group consisted of 10 mice. Data represent the average; bars, 
SD. Student's / test was used to compare tumor sizes among different 
treatment groups at day 28 following GEO cell injection: P < 0.001 
for MAb C225 versus control; P < 0.001 for RT versus control; P < 
0.001 for RT followed by MAb C225 versus control. B, effects of 
ionizing radiation and/or MAb C225 treatment on the survival of 
mice bearing GEO tumors. Ten mice per group were monitored for 
survival. Differences in survival among groups were evaluated using 
the Mantel-Cox log-rank test. Survival was significantly different 
between the MAb C225*trcated group and the control group (P < 
0.001), the MAb C225-treatcd group and the RT-treated group (P < 
0.01), the RT-treated group and the control group {P < 0.02), the RT 
plus MAb C225-treated group and the control group {P < 0.001), the 
RT plus MAb C225-treatcd group and the MAb C225-treated group 
(P < 0.001); and the RT plus MAb C225-treated group and the 
RT-treated group {P < 0.001). 



group and the RT-treated group (P < 0.001). Survival was 
markedly increased in the group of mice receiving the triple 
treatment (P < 0.001). In fact, all mice of this group were 
alive 26 weeks after injection of GEO tumor cells. Further- 
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Fig. 6 A, antitumor activity of ionizing radiation and PKAI AS oligonu- 
cleotide on established GEO human colon carcinoma xenografts. GEO cells 
(10 7 suspended in 200 u.1 of Matrigei) were injected s.c. into the dorsal 
flanks of mice. After 7 days (average tumor size, 0.2-0.3 cm 3 ), mice were 
treated with ionizing radiation (RT; 10 Gy/dose daily, days 1-4 for a total 
of 40 Gy) alone, or PKAI AS (10 mg/kg/dose i.p., days 1-5, each week for 
3 weeks) alone, or a combination of both. Each group consisted of 1 0 mice. 
Data represent the average; bars, SD. Student's t test was used to compare 
tumor sizes among different treatment groups at day 28 following GEO cell 
injection' P < 0.001 for PKAI AS oligonucleotide versus control; P < 
0.001 for RT versus control; P < 0.001 for RT followed by PKAI AS 
oligonucleotide versus control. B, effects of ionizing radiation and/or PKAI 
AS oligonucleotide treatment on the survival of mice bearing GEO tumors. 
Ten mice per group were monitored for survival. Differences in survival 
among groups were evaluated using the Mantel-Cox log-rank test Survival 
was significantly different between the RT-treated group and the control 
group (P < 0 02)- the RT plus PKAI AS oligonucleotide-treated group and 
the control group (P < 0.001); the RT plus PKAI AS oligonucleotide- 
treated group and the PKAI AS oligonucleotide-treated group {P < 0.001); 
the RT phis PKAI AS oligonucleotide-treated group and the RT-treated 
group (P< 0.001). 



more, no histological evidence of GEO tumors was observed 
in 50% of the mice in this group 35 weeks after tumor cell 
injection. 

DISCUSSION 

The possibility of combining conventional anticancer treat- 
ments, such as cytotoxic drugs or RT, with novel drugs that 




Fig. 7 A, antitumor activity of ionizing radiation (RT) and MAb C225 
plus PKAI AS oligonucleotide on established GEO human colon carci- 
noma xenografts. The treatment protocol was the same of the experi- 
ments reported in Figs. 5 and 6. Each group consisted of 10 mice. Data 
represent the average; bars, SD. Student's t test was used to compare 
tumor sizes among different treatment groups at day 28 following GEO 
cell injection: P < 0.001 for MAb C225 plus PKAI AS oligonucleotide 
versus control; P < 0.001 for RT versus control; P < 0.001 for RT 
followed by MAb C225 plus PKAI AS oligonucleotide versus control. 
B, effects of ionizing radiation followed by treatment with MAb C225 
plus PKAI AS oligonucleotide on the survival of mice bearing GEO 
tumors. Ten mice per group were monitored for survival. Differences in 
survival among groups were evaluated using the Mantel-Cox log-rank 
test. Survival was significantly different between the MAb C225 plus 
PKAI AS oligonucleotide group and the control group (P < 0.001), the 
MAb C225 plus PKAI AS oligonucleotide group and the RT-treated 
group (P < 0.01), the RT-treated group and the control group {P < 
0.02), the RT followed by MAb C225 plus PKAI AS oligonucleotide 
group and the control group (P < 0.001), the RT followed by MAb 
C225 plus PKAI AS oligonucleotide group and the MAb C225 plus 
PKAI AS oligonucleotide group {P < 0.00 1), and the RT followed by 
MAb C225 plus PKAI AS oligonucleotide group and the RT-treated 
group (P < 0.001). 



selectively interfere with important pathways controlling cancer 
cell survival, proliferation, invasion, and metastasis has gener- 
ated a wide clinical interest. This could be a promising thera- 
peutic approach for several reasons. First, because the cellular 
targets for these agents and their mechanism(s) of action are 
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different from those of cytotoxic drugs and ionizing radiation, 
their combination without potential cross-resistance is conceiv- 
able. Second, alterations in the expression and/or the activity of 
genes that regulate mitogenic signals not only can directly cause 
perturbation of cell growth, but also may affect the sensitivity of 
cancer cells to chemotherapy and RT (35). In this respect, EGFR 
overexpression has generally been found in human cancer cell 
lines that are resistant to different cytotoxic drugs (3-5). Fur- 
thermore, ionizing radiation induces the activation of the EGFR 
tyrosine kinase and the release of its specific ligand, TGFa (2). 
For these reasons, it has been postulated that EGFR overexpres- 
sion and activation could be a survival response to counteract 
apoptotic signals in cancer cells exposed to ionizing radiation or 
to cytotoxic drugs (2, 35). In fact, it has been proposed that is 
possible to enhance the anticancer activity by treatment with 
maximum tolerated doses of cytotoxic drugs or of RT in com- 
bination with selective inhibitors of signal transduction path- 
ways instead of increasing chemotherapy or ionizing radiation 
doses to supertoxic levels thai require complex medical support 
for the cancer patient, such as hematopoietic cell rescue (35). 

Tn the present study, we have shown that treatment with the 
anti-EGFR blocking chimeric human-mouse antibody MAb 
C225 potentiates the cytotoxic effects of ionizing radiation in 
human colon and ovarian cancer cell lines that express func- 
tional EGFR. The growth-inhibitory efTect in vitro is accompa- 
nied by a marked increase in antitumor activity in vivo, suggest- 
ing that the EGFR blockade is able to overcome cancer cell 
survival signals induced by ionizing radiation treatment. These 
data are in agreement with and extend those of recent studies by 
Huang et al (36), who evaluated the effects of MAb C225 on 
the radiosensitivity of human head-and-neck squamous carci- 
noma cell lines in vitro, and Milas ct al. (37), who showed in 
vivo enhancement of tumor radioresponse by MAb C225 treat- 
ment in nude mice bearing A431 human epidermoid carcinoma 
xenografts. Furthermore, our study is the first report of a coop- 
erative antiproliferative effect of blocking of PKAI, a serine- 
threonine kinase acting downstream to EGFR, in combination 
with RT. The growth-inhibitory effects of MAb C225 and/or 
PKAI AS treatment in combination with RT seems to be p53- 
independent because similar results have been obtained in hu- 
man cancer cells bearing either a normal wild-type or a mutated 
p53 gene. 

In this study, we also demonstrated that the combined 
blocking of EGFR and PKAI function and signaling by treat- 
ment with MAb C225 and a PKAI AS oligonucleotide following 
ionizing radiation results in even more efficient cytotoxic activ- 
ity. In fact, established GEO tumors were eradicated in 50% of 
mice receiving a relatively short-term treatment with one course 
of ionizing radiation followed by MAb C225 plus PKAI AS 
oligonucleotide for 3 weeks. 

The results of this study are of potential clinical interest. In 
fact, they provide a rationale for the combination of MAb C225 
and PKAI AS oligonucleotide in the treatment of human epi- 
thelial cancers after RT. MAb C225 is in phases It-Ill clinical 
development, both alone and in combination with cytotoxic 
drugs or with RT. In this respect, a pilot phase 1 study has 
suggested high antitumor activity of MAb C225 in combination 
with RT in stage Ill-TV head-and-neck cancer patients that is 
maintained as a complete response in 13 of 15 treated patients, 



with the response lasting 12-27 months (19, 38). Furthermore, 
the PKAI AS oligonucleotide that we used in the present study 
has completed phase 1 evaluation in cancer patients and is in 
phase II trials (28). 
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Abstract 

We have recently demonstrated that molecular 
blockade of the epidermal growth factor receptor with the 
anti-epidermal growth factor receptor (EGFR) mono- 
clonal antibody C225 enhances the in vitro radiosensitiv- 
ity of human squamous cell carcinomas (SCCs) derived 
from the head and neck. In the present study, we further 
investigated the capacity of C225 to modulate the in vitro 
and in vivo radiation response of human SCC tumor cells 
and xenografts, and we examined several potential mech- 
anisms that may contribute to the enhanced radiation 
response induced by C225. Tumor xenograft studies dem- 
onstrated complete regression of both newly established 
(20 mm 3 ) and well-established (100 mm 3 ) SCC tumors 
over a 55-100 day follow-up period in athymic mice 
treated with the combination of C225 (Lp. injection) and 
radiation. Cell cycle analysis via flow cytometry con- 
firmed that combined treatment with C225 and radiation 
induced an accumulation of cells in the more radiosensi- 
tive cell cycle phases (G n G 2 -M) with concurrent reduc- 
tion in the proportion of cells in the more radioresistant S 
phase. Results from sublethal damage repair and poten- 
tially lethal damage repair analyses in cultured SCC cells 
demonstrated a strong inhibitory effect of C225 on pos- 
tradiation damage repair. Further, exposure of SCC cells 
to C225 induced a redistribution of DNA-dependent pro- 
tein kinase from the nucleus to the cytosol, suggesting one 
potential mechanism whereby C225 may influence the 
cellular response to radiation. Immunohistochemical 
analysis of SCC tumor xenografts after systemic admin- 
istration of C225 demonstrated inhibition of the in vivo 
expression of tumor angiogenesis markers, including vas- 
cular endothelial growth factor and Factor VTII. Taken 
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together, the collective data suggest that the profound in 
vivo antitumor activity identified in the xenograft setting 
when C225 is combined with radiation derives from more 
than simply the antiproliferative and cell cycle effects of 
EGFR system inhibition. In addition to antiproliferative 
growth inhibition, EGFR blockade with C225 appears to 
influence the capacity of human SCCs to effect DNA 
repair after exposure to radiation, and to express classic 
markers of tumor angiogenesis* 

Introduction 

Locoregionai disease recurrence remains the dominant 
form of treatment failure for patients with advanced SCC 3 of the 
H&N. For patients treated with primary radiation therapy, meth- 
ods to enhance locoregionai disease control have commonly 
included trials with altered fractionation and trials in combina- 
tion with cytotoxic chemotherapy (13). More recently, ad- 
vances in our understanding and application of molecular biol- 
ogy to cancer therapy provide new opportunities to modulate 
tumor growth characteristics during treatment. One such ap- 
proach in the treatment of SCC of the H&N involves modulation 
of radiation response by EGFR blockade using the anti-EGFR 
mAb C225 (4, 5). Recent studies have identified C225 as a 
potent antiproliferative agent in SCC of the H&N, capable of 
inhibiting tumor cell growth kinetics. In addition, preclinical 
studies have demonstrated the capacity of C225 to enhance in 
vitro radiosensitivity and to promote radiation- induced apopto- 
sis (6). 

Although C225 augmentation of antitumor activity for sev- 
eral chemotherapeutic agents in mouse xenograft models has 
been demonstrated (7-9), in vivo characterization of C225/ 
radiation interactions have not been well established. Several 
preliminary findings regarding the capacity of C225 to inhibit 
cellular proliferation (10), to inhibit DNA damage repair (1 1), 
and to inhibit tumor angiogenesis (12) suggest mechanisms 
whereby EGFR blockade might enhance antitumor responses. 
The experimental studies presented herein were conducted to 
examine the in vivo response of SCC xenografts in athymic mice 
to dual treatment with radiation and C225, and to explore 
various mechanisms of C225-mediated enhancement of radio- 
sensitivity. 



- 1 The abbreviations used are: SCC, squamous cell carcinoma: bFGF, 
basic fibroblast growth factor; DNA-Plt, DNA-dependent protein ki- 
nase; EGFR, epidermal growth factor receptor: FV11I. factor VI !1- 
relatcd antigen; H&N, head and neck; mAb, monoclonal antibody; 
PCNA, proliferating cell nuclear antigen; PI, propidium iodide; PLDR, 
potentially lethal damage repair, SLDR, sublethal damage repair, 
VEGF, vascular endothelial growth factor; PMSF, phcnyimcthylsulfo- 
nyl fluoride. 
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Fie / Antitumor activity of C225 in combination with radiation in newly established SCC xenografts. SCO! (10*) eel s {left panel] or ^SC06 (5 * 
f& LxX^ZmeH were injected s.c. into the dorsal flank of athymic mice as described in "Materials and Methods." Injection of C225 (0.1 mg) 
!2^3SK l"-d 13. Radiation (XRT) was delivered with 12Gyonday \5. Arrow, specific days of C225 or XRT administration. 

Values represent mean tumor size (mm 3 ) ± SE {n = 6/group). 



Materials and Methods 

Chemicals and C225. Cell culture media were obtained 
from Life Technologies, Inc. (Gaithersburg. MD). PI was ob- 
tained from Molecular Probes (Eugene, OR). Primary antibody 
against VEGF, DNA-PK, and PCNA were obtained from Neo 
Markers (Fremont, CA). Antibody against FV1II (von Will- 
ebrand factor) was obtained from DAKO (Glostrup, Denmark). 
Anti-a-tubulin antibody was obtained from Oncogene Research 
Products (Cambridge, MA). The enhanced chemiluminescence 
detection system was purchased from Amersham (Arlington 
Heights, IL). All other chemicals were purchased from Sigma 
(St. Louis, MO). C225 was generously provided by ImClone 
Systems incorporated (New York, NY). 

Cell Lines and Cell Culture. Human SCC cell lines 
were established from biopsies of H&N cancer patients. The 
SCC-13Y cell line was derived from the facial epidermis and 
was provided by Dr. B. Lynn Allen-Hoffman (University of 
Wisconsin). The SCC-1 cell line (floor of mouth) and SCC-6 
cell line (tongue) were provided by Dr. Thomas E. Carey 
(University of Michigan). The relative expression of EGFR on 
the cell surface of our SCC cell lines was evaluated via immun- 
ofluorescent staining with C225 and subsequent flow cytometry 
analysis. These SCC cell lines expressed EGFR at essentially 
comparable levels to those expressed in A43I cells, which are 
well known to overexpress the EGFR with several million 



receptors per cell. SCC cells were cultured routinely in DMEM 
supplemented with 10% Fetal Clonc-Il serum (Hyclone, Logan, 
UT) ? 1 jxg/'ml hydrocortisone, 1% penicillin, and streptomycin. 

Assay of Tumor Growth in Athymic Nude Mice, 
Athymic Sprague Dawley nude mice (3-4- week -old females) 
were obtained from Harlan Bioproducts for Science (Indianap- 
olis, IN) and maintained in a laminar air-flow cabinet under 
aseptic conditions. The care and treatment of experimental an- 
imals were in accordance with institutional guidelines. Human 
SCC cells (~1 X 10 6 ) were injected s.c. into the right (SCC-6) 
and left (SCC-1 ) flank area of the mice at day 0. Tumor volume 
was determined by direct measurement with calipers and calcu- 
lated by the formula: tt/6 X (large diameter) x (small diame- 
ter) 2 . Animal experiments included four treatment groups: con- 
trol, radiation alone, C225 alone, and radiation in combination 
with C225. Control animals received injections of PBS. Radia- 
tion treatment was delivered via a precision electron beam from 
a Varian linear accelerator using custom-designed mouse jigs. 
These jigs immobilized the animals and specifically exposed the 
dorsal flank (harboring tumor xenografts) for irradiation without 
exposing non-tumor-bearing normal tissues. C225 was admin- 
istered by i.p. injection at the specified doses and intervals. 

Immunohistochemical Determination of PCNA, VEGF, 
and FVTIl. The expression of proliferative and angiogenic 
factors were detected in histological sections of SCC xenografts. 
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Briefly, excised tumor specimens were fixed in 10% neutral- 
buffered formalin. After embedding in paraffin, 5-u.m sections 
were cut, and tissue sections were mounted. Sections were dned, 
deparafTmized, and rehydrated. After quenching endogenous 
peroxidase activity and blocking nonspecific binding sites, 
slides were incubated at 4°C overnight with 1:100 dilution of 
primary antibody directed against PCNA, VEGF, or FVTU fol- 
lowed by a 30-min incubation of biotinylated goat antimouse 
secondary antibody. Slides were then incubated with streptavi- 
din peroxidase and visualized using the DAB chromogen (Lab 
Vision Corp., Fremont, CA). 

Cell Cycle Analysis. Cell cycle phase distribution after 
radiation and/or C225 treatment was analyzed by (low cytom- 
etry using PI staining. Briefly, control or treated cells were 
harvested by trypsinization, washed with PBS, then fixed in 
95% ethanol and stored at 4°C for up to 7 days before DNA 
analysis. After the removal of ethanol by centrifugation, cells 
were incubated with phosphate-citric acid bufTer [0.2 m 
Na 2 HP0 4 and 4 mM citric acid (pH 7.8)] at room temperature 
for 45 min. Cells were then stained with a solution containing 33 
u,g/ml PI, 0.13 mg/ml RNase A, 10 mM EDTA, and 0.5% Triton 
X- 100 at 4°C for 24 h. Stained nuclei were analyzed for DNA-P1 
fluorescence using a Becton Dickinson FACScan flow cytom- 
eter. Resulting DNA distributions were analyzed by Modfit 
(Verity Software House Inc., Topsham, ME) for the proportions 
of cells in G 0 -G„ S phase, and G 2 -M phases of the cell cycle. 



Immunoblotting Analysis. After treatment, cells were 
lysed with Tween 20 lysis buffer [50 mM HEPES (pH 7.4), 150 
mM NaCK 0.1% Tween 20. 10% glycerol, 2.5 mM EGTA, 1 mM 
EDTA, 1 mM DTT, 1 itim PMSF, and 10 jAg/ml ieupeptin and 
aprotinin] and sonicated. Equal amounts of protein were ana- 
lyzed by SDS-PAGE. Thereafter, proteins were transferred to 
nitrocellulose membranes and analyzed by specific primary 
antibodies against DNA-PK. Proteins were detected via incuba- 
tion with horseradish peroxidase-conjugaled secondary anti- 
bodies and enhanced chemi luminescence detection system. 

Subcellular Fractionation. To examine the effect of 
C225 on the subcellular distribution of DNA-PK after radiation, 
control or C225-treated SCC cells were collected and separated 
into cytoplasmic and nuclear extracts. Briefly, after centrifuga- 
tion, cells were resuspended in 150 u.1 of buffer A [10 mM 
HEPES (pH 7.9), 1.5 mM MgCl 2 , 10 mM KC1, 0.5 mM DTT, 0.5 
mM PMSF, and 10 u-g/ml Ieupeptin and aprotinin] and incubated 
on ice for 10 min. The lysate was spun for 30 s to separate the 
nuclei and supernatant. For cytosol preparation, the supernatant 
was further centrifuged at 14,000 rpm for 10 min to remove 
subcellular debris. For nuclear extraction, the nuclei pellet was 
resuspended in 100 u-1 of nuclear extraction bufTer [20 mM 
HEPES (pH 7.9). 0.45 M NaCl, 1 .5 mw MgCK, 0.2 mM EDTA, 
0.5 m.M DTT, 25% glycerol, 0.5 mM PMSF, and 10 u,g/ml 
Ieupeptin and aprotinin] and incubated for 30 min. Thereafter, 
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the solution was centrifuged at 14,000 rpm for 10 min, and the 
supernatant (nuclear extracts) was isolated. 

Clonogenic Survival Assay. Clonogenic survival was 
defined as the ability of the cells to maintain their clonogenic 
capacity and to form colonies. Briefly, after exposure to radia- 
tion, cells were trypsinized, counted, and seeded for colony 
formation in 35-mm dishes at 50-5000 cells/dish. After incu- 
bation intervals of 14-21 days, colonics were stained with 
crystal violet and manually counted. Colonies consisting of >50 
cells were scored, and 4-10 replicate dishes containing 10-150 
colonies/dish were counted for each treatment. 

SLDR and PLDR. These studies were designed to ex- 
amine the influence of C225 on radiation damage repair. SLDR 
was demonstrated with classic split dose radiation design using 
a l37 Cs irradiator (J. L. Shepherd & Associates, Glendale, CA). 
Exponentially growing SCC cells received a dose of 3 Gy at 
time 0 and a second dose of 3 Gy at time points ranging from 
2-48 h thereafter. The time 0 point shown in Fig. 4 represents 
the response to a single dose of 6 Gy. During the time interval 
between successive 3-Gy fractions, cultures were incubated in 
the absence (control) or presence of 30 nM C225. After the 
second radiation exposure, ceils were harvested and replated for 
clonogenic survival analysis as described above. PLDR was 
demonstrated by single-dose irradiation of confluent cultures, 
and cell survival was measured by clonogenic assay. The time 0 
point shown in the left panel of Fig. 5 represents the survival of 
cells that were plated immediately after radiation. The remain- 



ing data points depict the survival of cells with delayed plating 
at various time points afler their exposure to radiation at time 0. 

Statistical Analysis. In all experiments, differences 
among treatment groups were examined by one-way ANOVA 
or Student's / test using SAS. 

Results 

C225 Augments in Vivo Tumor Response of SCC Xe- 
nografts to Radiation. Two human SCC cell lines (SCC-1, 
SCC-6) were inoculated s.c. into female athymic mice and 
allowed to grow for 10 days before randomization into four 
groups. Ten days was the time interval required for xenografts 
to reach —20 mm' 1 in volume. As shown in Fig. I, treatment 
with radiation alone or with C225 alone produced modest inhi- 
bition of tumor growth in both SCC-1 and SCC-6 xenografts. In 
contrast, combined treatment with radiation and C225 produced 
a marked inhibition in rumor growth over the 55-day observa- 
tion period in comparison with single modality treatment or 
control {P < 0.0 1 for all comparisons). In an attempt to examine 
the in vivo interaction of C225 and radiation, low doses of both 
agents were specifically selected so that their independent ef- 
fects on tumor growth inhibition would be modest. 

We further examined the effect of combining radiation 
with C225 on the growth response of larger, more well-estab- 
lished SCC xenografts. SCC cells were inoculated as above and 
allowed to grow until they had achieved a mean volume of 100 
mm 3 before C225 treatment. As shown in Fig. 2, C225 was then 
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Fig. 4 Inhibition of SLDR by C225. SLDR was 
examined using a split-dose irradiation technique 
as described in "Materials and Methods." Expo- 
nentially growing SCC-13Y cells were exposed to 
3 Gy followed by a second 3-Gy fraction at the 
indicated time intervals. During the interval be- 
tween 3-Gy exposures, cultures were incubated in 
the absence (control) or presence of 30 nM C225. 
The surviving fraction was then measured by clo- 
nogenic assay as described in "Materials and 
Methods." Data points, means of duplicates with 
five cultures per replicate per time point; bars, SD. 



administered via i.p. injection on day 23 at a dose of 0.2 mg 
once a week for 4 consecutive weeks. Radiation fractions were 
delivered 24 h after each injection of C225 at a dose of 8 Gy. In 
mice receiving single modality treatment with either radiation or 
C225, inhibition of tumor growth was observed during the first 
few weeks after treatment. Thereafter, the tumor growth profile 
resumed the same growth rate/slope as that of the controls. In 
contrast, combined treatment with radiation and C225 resulted 
in dramatic tumor growth inhibition and, in all cases (/? = 8 
mice), complete tumor regression for up to 100 days of study. 

In Vivo Expression of PCNA, VEGF, and FVTIL The 
expression of several markers of tumor growth and angiogenesis 
were examined in SCC- 1 tumor xenografts. Immunohistochem- 
ical staining with PCNA demonstrated the number of prolifer- 
ating cells to be greatest in the control group, intermediate in the 
groups receiving single modality treatment with either radiation 
or C225, and least in the group receiving dual treatment (Fig. 3). 
Immunostaining for VEGF was far more pronounced in control 
and radiation groups when compared with groups receiving 
C225. Using FVTH antibodies directed against endothelial cells, 
vessel formation was shown to be significantly reduced in the 
group receiving combined treatment with C225 and radiation 
compared with that of the remaining groups (Fig. 3). Taken 
together, these results suggest that C225 may also inhibit rumor 
angiogenesis in addition to its cell cycle inhibition of prolifer- 
ation. 

SLDR and PLDR- The capacity of C225 to influence 
SLDR and PLDR was examined in SCC-13Y cells. Fig. 4 
depicts the effect of C225 on SLDR after split-dose radiation 
exposure. Cell survival in control cells shows a steady increase 
as the lime interval between the two radiation fractions in- 
creased, which is indicative of SLDR. However, when cells 
were exposed to C225 during the interval between radiation 



fractions, cell survival was significantly less (P < 0.05) com- 
pared with corresponding controls, which is indicative of SLDR 
inhibition. 

The capacity of C225 to influence PLDR was examined 
under delayed plating conditions for clonogenic survival. The 
left panel of Fig. 5 shows the time-dependent response of PLDR 
in SCC-13Y cells. After a single 9-Gy radiation exposure, 
delayed plating of control cells between 6 -48 h resulted in an 
increased cell survival compared with that observed with im- 
mediate plating. In contrast, treatment with C225 before radia- 
tion resulted in a reduced survival (P < 0.02) in comparison 
with controls. We further examined the influence of C225 on 
PLDR when varying doses of radiation {e.g., 0, 3, 6, and 9 Gy) 
were applied, as shown in the right panel of Fig. 5. As expected, 
control cells showed a greater survival when they were plated 
24 h after radiation rather than immediately after radiation. 
Conversely, in cells treated with C225, cell survival was not 
increased by delayed plating, suggesting that PLDR was inhib- 
ited by C225. Taken together, these results suggest that C225 
compromises the capacity of SCCs to accomplish effective 
repair after radiation -induced damage. 

Subcellular Distribution of DNA-PK. The DNA repair 
enzyme DNA-PK is known to reside primarily in the nucleus 
where it exerts a major role in repairing double-strand DNA 
breaks (13, 14). To examine the effect of C225 on the subcel- 
lular localization of DNA-PK after radiation, SCC cells were 
treated with C225 for 1 h followed by radiation. As expected, a 
major fraction of DNA-PK was localized in the nucleus, and a 
minor fraction was localized in the cytosol after radiation ex- 
posure (Fig. 6). However, dual treatment with radiation and 
C225 resulted in a readily measurable shift in the DNA-PK 
distribution ratio, with an increase in the cytosol ic level of 
DNA-PK and a concurrent reduction in the nucleus. The reduc- 



Clinical Cancer Research 2171 




Plating interval (hours) Uosg (Gy) 



Fig 5 Inhibition of PLDR by C225. PLDR was examined using single-dose irradiation of confluent cultures as described in "Materials and 
Methods " Control or C225-treated (30 nM; 72 h) SCC-1 3Y cells were irradiated with 8 Gy {left panel). After irradiation, cells were either immediately 
subcultured for colony formation (0 h) or were returned to the incubator for delayed plating at specified time intervals. The surviving fraction was 
then measured by clonogenic assay as described in "Materials and Methods." Right panel, radiation dose-response profiles of immediate (Q ■) or 
24-h delayed (O, •) plating for the control group and C225-treated SCC-13Y cells. Data points, means of duplicates with five cultures per replicate 
per point; bars, SO, 



tion in the level of DN A-PK in the nucleus suggests a potential 
mechanism whereby the repair of double-strand DNA after 
radiation may be impaired by C225. 

Kinetics and Cell Cycle Progression. Using flow cyto- 
metric analysis, the relative distribution of cells among various 
cell cycle phases were determined in SCC-13Y cells treated 
with either PBS, radiation, C225, or the combination of radia- 
tion and C225. As shown in Fig. 7, G, cell cycle arrest was 
induced in cells exposed to C225 alone, and G 2 -M cell cycle 
arrest was induced in cells receiving radiation alone. Dual 
treatment with radiation and C225 resulted in the accumulation 
of cells in both the G, and G 2 -M phases, with a concurrent 
reduction of cells within S phase. These results suggest thai one 
potential mechanism whereby C225 may enhance radiosensitiv- 
ity involves the accumulation of cells in more radiosensitive cell 
cycle phases, such as G, and G 2 -M phases. 

Discussion 

Previous work has demonstrated C225 to be a potent anti- 
proliferative agent capable of inhibiting SCC cell growth in 
culture (6). In addition, C225 enhances in vitro radiosensitivity 
and promotes radiation-induced apoptosis in SCCs (6). In the 
present report, we demonstrate that treatment of well-estab- 
lished SCC tumor xenografts with the combination of C225 and 



radiation can induce complete regression of tumors in athymic 
mice over a 100-day follow-up period (Fig. 2). The profound 
antitumor effect observed with combined C225 and radiation 
(more potent than that observed in cell culture) strongly sug- 
gests that mechanisms beyond simple proliferative growth in- 
hibition are operational in the in vivo setting. These mechanisms 
may include (among others) C225-induced inhibition of DNA 
damage repair, increased radiosensitivity deriving from specific 
perturbations in cell cycle phase distribution, enhancement of 
radiation-induced apoptosis, and inhibition of tumor angiogen- 
csis. From the standpoint of cell line variability, recent evidence 
also identifies a significant inverse relationship between the 
magnitude of EGFR expression and both radiocurability and 
radiation-induced apoptosis ( 1 5). 

In the present studies, the influence of C225 on radiation 
damage repair was reflected by the capacity of C225 to inhibit 
PLDR and SLDR. The precise molecular mechanisms that un- 
derlie SLDR and PLDR are not clear. Operationally, SLDR is 
described as that cellular recovery that occurs during the inter- 
fraction interval between split-dose radiation exposure, whereas 
PLDR is described as that cellular recovery that occurs depend- 
ent on postradiation conditions after single-dose exposure (16). 
Both SLDR and PLDR have been shown to be affected by 
growth factors (17, 18). For example, bFGF has been shown to 
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p- (f , 6 Effect of C225 on subcellular distribution of DNA-PK. Left panel, control or C225-trcated (30 nM, 1 h) SCC-1 3Y cells were irradiated with 
2 Gy After 30-min incubation, cells were then lysed and separated into cytosolic and nuclear extracts as described in "Materials and Methods." After 
cell lysis lysates were processed for immunoblotting using antibody directed against DNA-PK as described in "Materials and Methods." a-Tubulin 
serves asa loading control. Right panel, the level of DNA-PK in the samples shown in the left panel was densitometrically analyzed using the OFOTO 
program and quantified by scanner analysis. Results arc expressed as the percentage of total level (cytosol + nuclear) in each fraction. 



induce PLDR in bovine aortic endothelial cells, and such induc- 
tion was inhibited by using a neutralizing mAb against bFGF 
(17), It may be that down-regulation of selected mitogemc 
signal transduction pathways can inhibit cellular recovery pro- 
cesses after radiation damage, but no precise mechanistic 
scheme is presently appreciated. A similar postulation has re- 
cently been put forth in the HER-2/breast cancer system wherein 
enhanced radiation response and diminished DNA repair is 
observed in human MCF-7/HER-2 breast cancer cells after mAb 
blockade of the HER-2 receptor (19). 

Recent evidence has suggested a link between the repair of 
DNA double-strand breaks and SLDR or PLDR (20). Li ef ai 
(21) reported that severe combined immunodeficiency fibro- 
blasts, which were deficient in repairing DNA double-strand 
breaks, demonstrated a lack of PLDR. Using two isogenic 
human malignant glioma cell lines, Allalunis-Turner et ai (22) 
demonstrated that cell lines lacking the catalytic domain of 
DNA-PK did not exhibit SLDR. In our studies, C225 induced a 
redistribution of DNA-PK with a reduction in the level of 
DNA-PK in the nucleus of SCC cells exposed to radiation. This 
finding is consistent with a recent report demonstrating a redis- 
tribution of DNA-PK from nucleus to cytosol after exposure to 
C225 as measured by immunohistochemical analysis (11). 
Therefore, it is possible that the observed inhibitory effects of 
C225 on PLDR and SLDR were mediated in part by impairing 
the function or activity of DNA-PK within the nucleus of SCCs. 

The general profile of cell cycle perturbation, which results 
after exposure to radiation, has been well established (23 -25). In 
general, cells damaged by radiation will arrest in the G 2 -M 
phase presumably to initiate repair of DNA damage before 
proceeding (26). However, treatment of tumor cells with C225 
induces growth arrest primarily in the G, phase (10, 27). When 
tumor cells are simultaneously exposed to modest doses of 



radiation plus C225 (exposures that individually produced only 
transient responses in SCC tumor xenografts), profound tumor 
cell kill is observed, which may reflect a cellular intolerance to 
concurrent blockade at these two distinct cell cycle checkpoints. 
Cellular damage induced by radiation signals proliferating cells 
to pause to initiate repair, and many repair processes require 
growth factors to proceed effectively. It may be that cells 
attempting to repair radiation -induced damage, that simulta- 
neously undergo molecular blockade of the EGFR system with 
agents such as C225, are unable to facilitate effective repair and 
recovery, thereby contributing to cell death. 

The markedly increased antitumor potency of C225 and 
radiation in vivo (over that observed in vitro) suggests that 
factors beyond the confines of the clonogenic cell may influence 
the in vivo response. One possible microenvironmenta) mecha- 
nism involves tumor angiogenesis, which may itself be affected 
by the functional activity of the EGFR system. Recent findings 
suggest that the use of an angiogenesis inhibitor (angiostatin) 
during radiation therapy can significantly enhance response in 
human tumor xenografts (28). Indeed, several recent associa- 
tions between the EGFR pathway and tumor angiogenesis have 
been identified (12, 29, 30). For example, C225 was shown to 
down-regulate the expression of several angiogenic factors, 
including VEGF, interleukin 8, and bFGF in A431 and human 
transitional cell carcinoma of the bladder (12). This down- 
regulation was postulated to be mediated via reduction of AP-1 
activity, which was shared by the promoters of VEGF, bFGF, 
and interleukin 8. In the present studies, we observed an inhi- 
bition of VEGF expression and reduced number of tumor ves- 
sels via staining with the endothelial cell marker (FVIII) in 
xenografts after treatment with C225 and radiation. These find- 
ings provide indirect evidence that C225 may also inhibit tumor 
angiogenesis in addition to the observed effects on radiation- 
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Fig. 7 Effects of C225 on cell cycle progression after radiation. SCC- 
13 Y cells were treated with either PBS {control), radiation (XRT) t C225. 
or the combination of radiation and C225 (C225/XRT). Radiation was 
given at a dose of 3 Gy t and C225 was given at a dose of 30 nM for 24 h. 
For combined treatment, C225 was given for 24 h followed by radiation. 
Thereafter, cells were incubated for an additional 24 h before perform- 
ing flow cytometry analysis as described in "Materials and Methods." 
DNA histograms were modeled with ModFit analysis software, and 
phase percentages for G 0 -G,, S phase, and G 2 -M are depicted by the bar 
graph. Data represent mean values of duplicate samples. 



induced cytotoxicity. Studies to clarify and augment these find- 
ings using complementary in vivo assays of angiogenesis are 
being developed. 

In conclusion, epithelial tumors that are rich in their ex- 
pression of EGFR hold special promise for the receptor block- 
ade approach. SCCs of the H&N are notably robust in their 
EGFR expression and therefore represent a logical experimental 
model for EGFR inhibition. In addition, SCCs of the H&N are 
particularly rapid proliferators, which lends favorably to the 
antiproliferative impact of EGFR blockade. The studies pre- 
sented in this report demonstrate that human H&N cancer cells 
are particularly sensitive to radiation damage when the EGFR 
signaling pathway in these cells is blocked by C225, Most 
impressively, the in vivo tumor response after the combined 
administration of C225 and radiation is dramatic and long- 
lasting, as demonstrated within the xenograft model system 4 
Such profound antitumor activity in vivo appears to derive from 
not only proliferative growth inhibition (with associated cell 
cycle redistribution), but also from inhibition of postradiation 
damage repair and inhibition of tumor angiogenesis. 

Similar to the recent therapy successes in selected breast 
cancer and lymphoma patients with mAbs that target specific 



4 Similar results demonstrating enchancement of rumor xenograft 
response with radiation plus C225; communicated to P. M. H. by L. 
Milas and K. Ang, September 1999. 



growth receptor blockade (e.g., herceptin, rituxan), C225 plus 
radiation therapy in SCC of the H&N represents a promising 
new molecular cancer therapy approach that has recently com- 
menced formal investigation in Phase III clinical trials. 
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